Introduction
============

Dilated cardiomyopathy (DCM) is associated with a high incidence of ventricular arrhythmias and increased risk of sudden cardiac death from ventricular tachycardia (VT) and ventricular fibrillation.^[@b1]--[@b2]^ The underlying etiologies are not well defined, but impaired Ca^2+^ cycling and increased diastolic sarcoplasmic reticulum (SR) Ca^2+^ leak via ryanodine receptor 2 (RyR2) have been implicated as a major etiology in the induction of delayed afterdepolarizations (DADs) leading to deleterious ventricular arrhythmias.^[@b3]--[@b4]^ This defect has been linked to abnormal regulation of RyR2 by luminal Ca^2+^ and regulatory proteins,^[@b5]--[@b6]^ suggesting that targeting these molecules may constitute potential therapy for the treatment of heart failure and malignant arrhythmias.

In this regard, the histidine rich Ca^2+^‐binding protein (HRC) has recently emerged as a key regulator of SR Ca^2+^ cycling.^[@b7]--[@b10]^ HRC regulates SR Ca^2+^ uptake through a direct interaction with sarcoplasmic reticulum Ca^2+^ ATPase 2a and inhibits cardiomyocyte relaxation.^[@b10]^ In addition, HRC binds to triadin,^[@b11]--[@b12]^ a member of the SR Ca^2+^ release channel complex,^[@b13]^ suggesting that HRC may also regulate RyR2 function. The functional importance of HRC is highlighted by the identification of a human genetic variant (Ser96Ala) that was linked to life‐threatening ventricular arrhythmias and sudden death in a well‐characterized cohort of patients with idiopathic DCM.^[@b14]^ Furthermore, the percentage of homozygous Ala/Ala patients with an implantable cardioverter‐defibrillator was almost double that of the Ser/Ala heterozygotes, suggesting a strong dosage effect of this HRC genetic variant on ventricular arrhythmias. Indeed, acute overexpression of the human Ala96 HRC variant in isolated adult rat cardiomyocytes by adenoviral gene transfer resulted in aberrant Ca^2+^ transient kinetics and increased frequency of Ca^2+^ sparks.^[@b15]^

Previous genetic studies have confirmed the role of defective cardiomyocyte Ca^2+^ handling in the pathogenesis of various inherited arrhythmic syndromes. Support for this notion has been provided by the identification and characterization of human mutations in the *RyR2*, calsequestrin 2 (*CASQ2*), and triadin genes, which have been linked to catecholaminergic polymorphic ventricular tachycardia, leading to syncope and sudden cardiac death. The underlying mechanisms involve impaired activity or regulation of the RyR2 channel.^[@b16]--[@b19]^

The present study addressed the in vivo pathophysiological mechanisms associated with the human HRC variant, which was shown to correlate with life‐threatening ventricular arrhythmias in DCM.^[@b14]^ We chose to express the human HRC, which is considerably different than mouse HRC,^[@b20]^ in the heart of the null (HRC‐KO) background,^[@b8]^ to examine its function in the absence of the endogenous mouse protein. Here, we demonstrate that Ala96 HRC altered intracellular Ca^2+^ handling and promoted arrhythmogenic events in vitro and in vivo, indicating that this variant serves as a susceptibility factor to life‐threatening arrhythmias in DCM carriers.

Methods
=======

Generation and Identification of Transgenic Mice Expressing Human HRC
---------------------------------------------------------------------

An expression construct was generated containing the cardiac‐specific α‐myosin heavy chain promoter (α‐MHC~P~, 5.5 kb; a gift from J. Robbins, Children\'s Hospital, Cincinnati, OH), the human HRC cDNA with the HRC Ser96 or HRC Ala96 mutation (HRC cDNA, 3.94 kb; introduced via PCR), and the human growth hormone polyadenylation signal. Microinjection and identification of transgenic mice were performed as described previously.^[@b9]^ Transgenic C57/BL6 mice with cardiac‐specific expression of the human HRC cDNA carrying either the human *Ser96 HRC* or *Ala96 HRC* were mated with the HRC‐KO mice (C57/BL6) (HRC‐KO model was obtained from Dr Do Han Kim, Gwangju Institute of Science and Technology \[GIST\], Gwangju, Republic of Korea).^[@b8]^ F~1~ heterozygous HRC offspring with the HRC mutant transgenes were identified by using PCR methodology and bred with HRC‐KO mice to obtain the F~2~ generation. The HRC‐KO offspring carrying the human HRC variant transgenes were selected to backcross with HRC‐KO mice for at least 3 generations before using them for our studies. The handling and maintenance of animals were approved by the ethics committee of the University of Cincinnati. Eight‐ to 12‐week‐old mice were used for all studies. The investigation conformed to the "Guide for the Care and Use of Laboratory Animals" of the National Institutes of Health.

Mouse Myocyte Isolation and Measurements of Mechanics and Ca^2+^ Kinetics
-------------------------------------------------------------------------

Isolation of mouse left ventricular myocytes was carried out as described previously.^[@b21]^ Briefly, mouse hearts were excised from anesthetized (pentobarbital sodium 70 mg/kg IP) adult mice, mounted in a Langendorff perfusion apparatus, and perfused with Ca^2+^‐free Tyrode\'s solution at 37°C for 3 minutes. The normal Tyrode\'s solution contained (in mmol/L) NaCl 140, KCl 4, MgCl~2~ 1, glucose 10, and HEPES 5, pH 7.4. Perfusion was then switched to the same solution containing 75 units/mL type 1 collagenase (Worthington), and perfusion continued until the heart became flaccid (≈10 to 15 minutes). The left ventricular tissue was excised, minced, pipette‐dissociated, and filtered through a 240‐μm screen. The cell suspension was then sequentially washed in 25, 100, and 200 μmol/L and 1 mmol/L Ca^2+^‐Tyrode\'s and resuspended in 1.8 mmol/L Ca^2+^‐Tyrode\'s for further analysis. To obtain intracellular Ca^2+^ signals, cells were incubated with the acetoxymethyl ester form of fura‐2 (Fura‐2/AM; 2 μmol/L) for 30 minutes and resuspended in 1.8 mmol/L Ca^2+^‐Tyrode\'s solution. The myocyte suspension was placed in a Plexiglas chamber, which was positioned on the stage of an inverted epifluorescence microscope (Nikon Diaphot 200), and perfused with 1.8 mmol/L Ca^2+^‐Tyrode\'s solution. Cell shortening and Ca^2+^ transients were measured at room temperature (22° to 23°C) in separate experiments, as documented here later. The room temperature allowed the myocytes to be stable for up to 2 hours with constant pacing. Myocytes were field stimulated to contract by using a Grass S5 stimulator through platinum electrodes placed alongside the bath (0.5 Hz, bipolar pulses with voltages 50% above myocyte voltage threshold). Contractions of myocytes from random fields were videotaped and digitized on a computer. For Ca^2+^ signal measurements, cells were loaded with Fura‐2/AM 2 μmol/L and alternately excited at 340 and 380 nm by a use of a Delta Scan dual‐beam spectrophotofluorometer (Photon Technology International) at baseline conditions and on 100 nmol/L isoproterenol (ISO) stimulation. Ca^2+^ transients were expressed as the 340/380 nm ratios of the resulting 510‐nm emissions. Rapid application of 10 mmol/L caffeine was used to induce release of SR Ca^2+^ and to assess SR Ca^2+^ load. Cells were superfused with normal Tyrode\'s solution and stimulated at 0.5 Hz until twitch characteristics stabilized before each caffeine application. The caffeine solution was introduced into the chamber via a quick switching device and was present during the study (30 seconds) of the kinetics of \[Ca\]~i~ decline.^[@b22]^ The amplitude of the caffeine‐induced Ca^2+^ transients can be used as an index of SR Ca^2+^ content. Decline of \[Ca\]~i~ during a caffeine‐induced Ca^2+^ transient in normal Tyrode\'s was attributable to Na‐Ca exchange. Measurements of mechanics and Ca^2+^ kinetics were also performed in the presence of 100 nmol/L ISO at 0.5 Hz. Data were analyzed by the use of Felix software (Photon Technology International).

Quantitative Immunoblotting
---------------------------

Alterations in the levels of total proteins or their phosphorylation status were analyzed from whole heart homogenates through Western blotting. For phosphoproteins, hearts were retrogradely perfused through the aorta with Tyrode\'s solution at constant flow at 37°C for 2 minutes to wash out blood. Perfusion was then continued with Tyrode\'s solution with or without 100 nmol/L ISO for 5 minutes before rapid freezing. The Tyrode\'s solution was supplemented with 20 mmol/L NaF, 0.005 mmol/L okadaic acids, to keep the phosphorylation status of the proteins. Briefly, an appropriate amount of heart homogenate was separated via SDS‐PAGE (4% to 12%) and transferred to a nitrocellulose membrane (Bio‐Rad). After blocking with 5% nonfat milk, membranes were incubated with primary antibodies, followed by appropriate secondary antibodies. Primary antibodies against various proteins of interest used in this study were as follows: pSer16‐PLN, pThr17‐PLN, pSer2808‐RyR2, and pSer2814‐RyR2 (Badrilla), PLN (Upstate Biotechnology), RyR2 (Sigma Aldrich), SR Ca^2+^ ATPase 2a, sodium calcium exchanger (NCX), triadin, and GAPDH (Affinity Bioreagents). The horseradish peroxidase--conjugated antimouse or antirabbit secondary antibodies (1:5000) were from Amersham Biosciences. The membranes were developed by using an enhanced chemiluminescence Western blot analysis detection system (Amersham Biosciences). All the protein levels were quantified using AlphaEaseFC software (Alpha Innotech).

Ca^2+^ Overlay Assay
--------------------

Enriched SR membrane fractions were isolated from Ser96 and Ala96 hearts, and different amounts (25, 50, and 100 μg) of protein were analyzed by using SDS‐PAGE. The proteins were transferred to nitrocellulose membranes, and the Ponceau red stain was then washed off the nitrocellulose membrane with TBS buffer. The membrane was incubated in (in mmol/L) imidazole 10, pH 6.8, KCl 60, and MgCl~2~ 5. Thereafter, the membrane was incubated with 1 μCi of ^45^Ca^2+^/mL supplemented with 1 mmol/L CaCl~2~ at room temperature for 20 minutes, as described previously.^[@b23]--[@b24]^ The membrane was rinsed with dH~2~0 and analyzed by use of a Storm 860.

Stains‐all Staining
-------------------

Stains‐all is a cationic carbo‐cyanine dye that stains Ca^2+^‐binding proteins blue or red depending on the conditions.^[@b25]^ Briefly, 5 to 15 μg of whole heart homogenates from wild‐type (WT) (nontransgenic), Ser96 and Ala96 mice were separated via 8% SDS‐PAGE, and the gels were washed with 25% isopropanol to remove SDS (5×20 minutes). The gel was then fixed overnight with 25% isopropanol. Thereafter, the gel was exposed to Stains‐all solution (0.025% Stains‐all \[ACROS Organics\], 7.5% formamide, 25% isopropanol, 30 mmol/L Tris base, pH 8.8) for 48 hours in a container protected from light. Following staining, the gel was washed extensively overnight in 25% isopropanol to destain. Stains‐all stained gels were photographed with a Gel Doc EZ system (Bio‐Rad).

Induction of Aftercontractions and DADs in Isolated Cardiomyocytes
------------------------------------------------------------------

Rod‐shaped ventricular myocytes, which exhibited no spontaneous activity at rest, were paced at 5 Hz in the presence of 1 μmol/L ISO in 1.8 mmol/L Ca^2+^‐Tyrode\'s solution at room temperature. After 2 or 3 trains of stimulation, pacing was stopped to allow the recording of spontaneous aftercontractions within 2 to 5 seconds. For electrophysiology recordings, isolated ventricular myocytes were perfused with Tyrode\'s solution containing (in mmol/L): NaCl 140, KCl 5.4, MgCl~2~ 1, CaCl~2~ 1.8, HEPES 5, and glucose 10, pH 7.4. Whole‐cell patch‐clamp recordings were used to determine action potential. Glass pipettes were filled with a solution containing (in mmol/L) K‐aspartate 110, KCl 20, EGTA 10, HEPES 10, MgCl~2~ 2.5, NaCl 8, CaCl~2~ 1, Na~2~‐ATP 2, and Na‐GTP 0.1, pH adjusted to 7.2 with KOH, and had a resistance of 1.5 to 2.0 mol/L. Action potentials were recorded under current‐clamp mode and triggered by 2‐ms just‐threshold current steps at a frequency of 5 Hz in the presence of 1 μmol/L ISO at 35°C. Stimulation was then withdrawn to determine the presence of DADs as described previously.^[@b26]^ Whole‐cell patch‐clamp recordings were performed with an Axopatch‐1B amplifier. Data were collected using PCLAMP9 software through an Axon Digidata 1322A data acquisition system. All chemical and drugs were from Sigma unless otherwise stated.

Measurement of Ca^2+^ Sparks and Waves
--------------------------------------

Ca^2+^ sparks were recorded in intact myocytes loaded with fluo‐4 AM (10 μmol/L; Molecular Probes) for 15 minutes at room temperature and then washed with Tyrode\'s solution. Myocytes were superfused with normal Tyrode\'s solution (1.8 mmol/L CaCl~2~) or the same solution containing 100 nmol/L ISO, in a custom‐made glass‐plexiglass recording chamber at room temperature (24°C). Spontaneous Ca^2+^ sparks were obtained in quiescent cells after 0.5‐Hz stimulation (for 1 minute) to reach steady state and to ensure equal SR Ca^2+^ load. Fluorescence images were recorded using a Zeiss LSM 510 inverted confocal microscope through a ×40 water‐immersion objective lens with excitation wavelength of 488 nm. Fluorescence signals were measured at greater than 515 nm with line‐scan imaging at 3.07‐ms intervals, with each line comprising 512 pixels spaced at 0.056 μm. In the presence of 1 μmol/L ISO and after 2 trains of 5‐Hz stimulation, Ca^2+^ waves were recorded using similar methods as Ca^2+^ sparks. Ca^2+^ spark amplitude was normalized as F/F~0~, duration was taken from the full‐duration half‐maximum, and width was taken from full‐width half‐maximum. In some experiments, myocytes were incubated with the calmodulin‐dependent protein kinase II inhibitor (1 μmol/L KN‐93 \[Sigma\]) for 15 minutes, and Ca^2+^ sparks were then measured in the absence or presence of ISO. Image processing and data analysis were performed using IDL software (ITT Visual Information Solutions).^[@b27]^

ISO‐Induced Arrhythmias
-----------------------

Mice were anesthetized using 2.5% Avertin and an equivalent of lead I ECG recording (PowerLab; AD Instruments) was performed as previously described.^[@b26]^ After stabilization of the preparation, a control ECG was recorded for 5 minutes. This was followed by an intraperitoneal injection of ISO 2 mg/kg body weight (Sigma) and a subsequent recording period of 20 minutes. During this period, ECGs were analyzed for ISO‐induced arrhythmias.

Myocardial Ischemia/Reperfusion In Vivo
---------------------------------------

In vivo myocardial ischemia/reperfusion (I/R) was performed through ligation of the left anterior descending coronary artery (LAD) and release of the ligature, as previously described.^[@b28]^ The LAD was ligated at 2 mm distal from the tip of the left appendix for a period of 30 minutes, and this was followed by releasing the ligation and closing the chest. Ischemia was confirmed by visual observation (cyanosis) and continuous ECG monitoring, using electrodes placed subcutaneously to record data by the PowerLab system (Australia AD Instruments). At different time points after myocardial infarction (MI), mice were anesthetized with 1.0% to 1.5% isoflurane in O~2~ and placed on a heating pad (37°C), and cardiac function was assessed by echocardiography, using a Visualsonic Vevo 770 ultrasound equipped with a 30‐MHz transducer applied to the chest wall. Cardiac ventricular dimensions and ejection fraction (EF) were assessed in 2‐dimensional mode. Analyses were performed by observers blinded to the genotype of the animals. To monitor ventricular arrhythmias and sudden death after I/R, radio transmitters (EA‐F20; Data Science International) for ECG recording were implanted in mice 1 week before MI surgery, and ECGs were recorded continuously for 12 weeks after MI.

Coimmunoprecipitation Studies
-----------------------------

HEK 293 cells (ECACC) were maintained in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum (Invitrogen). Full‐length green fluorescent protein (GFP)‐rabbit triadin (GenBank: U31540.1, producing a protein of ≈60 kDa with the tag) and GFP‐hHRC Ser96 or GFP‐hHRC Ala96 constructs (of approximate size 157 kDa with the tag) were transiently transfected in HEK 293 cells with Lipofectamine 2000 (Invitrogen), according to the manufacturer\'s instructions. Forty‐eight hours after transfection, cells were harvested and lysed in 50 mmol/L Tris‐HCl, 150 mmol/L NaCl, 1% NP40 with protease inhibitors. Cell lysates were precleared with 30 μL of protein G--Sepharose (Amersham Biosciences Europe) for 1 hour at 4°C. The precleared cell lysates were then incubated with 4 μg of HRC (Sigma‐Aldrich) antibody and 30 μL of protein G--Sepharose at 4°C overnight. The beads were washed 3 times with lysis buffer and were analysed by western blot with human anti‐HRC (Sigma‐Aldrich) or anti‐GFP (Sigma‐Aldrich) antibodies. Co‐immunoprecipitation was also performed using anti‐HRC antibody and cardiac homogenates (1 mg total protein) of Ser96 and Ala96 HRC mice.^[@b29]^ The precipitates were analyzed by immunoblotting with anti‐HRC and anti‐Triadin (TRD) antibodies, as indicated. Immunoprecipitate with anti‐IgG PLUS agarose was used as negative control.

Electron Microscopy
-------------------

Hearts were fixed by perfusion through the left ventricle with 3.5% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer, pH 7.2. Papillary muscles were excised, rinsed in 0.1 mol/L cacodylate buffer, postfixed in buffered 2% OsO~4~ for 1 hour at 4°C, rinsed in H~2~O, en bloc stained with saturated uranyl acetate, and embedded in epon. Thin sections were examined with use of a Philips 410 electron microscope (Philips Electron Optics), and the images recorded digitally with a Hamamatsu C4742‐95 digital camera (Advanced Microscopy Techniques).^[@b30]^

Measurement of Diastolic SR Ca^2+^ Leak
---------------------------------------

Diastolic SR Ca^2+^ leak was measured using the protocol described previously.^[@b30]^ Fura‐2--loaded cardiac myocytes were field stimulated at 1 Hz until they reached a steady‐state Ca^2+^ transient height. Stimulation was then switched off, and the external solution was quickly changed to Tyrode\'s solution 0Ca^2+^, 0Na^+^ to eliminate transsarcolemmal Ca^2+^ fluxes, resulting in a new steady state \[Ca^2+^\]~i~. When RyR2 channels are inhibited by 1 mmol/L tetracaine (in Tyrode\'s solution, 0Ca^2+^, 0Na^+^), Ca^2+^ shifts from the cytosol into the SR. The tetracaine‐induced drop in diastolic Fura‐2 fluorescence ratio was used as an estimate of SR Ca^2+^ leak, which is insensitive to changes in SR Ca^2+^ uptake. Then, the myocytes were exposed for 4 seconds to 0Ca^2+^, 0Na^+^ Tyrode\'s solution containing 10 mmol/L caffeine and 20 mmol/L 2,3‐butanedione monoxime (to prevent myocyte hypercontracture). The amplitude of caffeine‐induced Ca^2+^ transient was used as an estimate of total \[Ca^2+^\]~i~, which included the Ca^2+^ leak.

Preparation of Mouse Crude Membrane Fractions and \[^3^H\]Ryanodine Binding
---------------------------------------------------------------------------

Mouse hearts were perfused for 5 minutes with Ca^2+^‐free Tyrode\'s solution (pH 7.4) complemented with 20 mmol/L NaF^+^ and 0.005 mmol/L okadaic acid. Hearts were then frozen in liquid nitrogen and crushed into fine powder. The powder was suspended in 1 mL of ice‐cold sucrose buffer (0.3 mol/L sucrose, 20 mmol/L HEPES, 20 mmol/L NaF, pH 7.2 with KOH) containing protease inhibitors (12 mmol/L leupeptin, 100 mmol/L phenylmethylsulfonyl fluoride, 500 mmol/L benzamidine, and 1 mg/mL aprotinin) and homogenized on ice. The total homogenate was centrifuged at 42 000*g* for 45 minutes at 4°C. The 42 000*g* pellet (crude membrane fraction) was resuspended in the same sucrose buffer described earlier, aliquoted, quickly frozen, and stored at −80°C before use. Protein concentrations were determined by use of the Bradford method. \[^3^H\]Ryanodine‐binding experiments were performed with crude membrane fractions from individual hearts as described by El‐Hayek and cols.^[@b31]^ The incubation medium contained 150 nmol/L KCl, 20 mmol/L HEPES, pH 7.2 with KOH, 56 μg of cardiac membrane fraction, 10 nmol/L \[^3^H\] ryanodine, and 1 mmol/L CaCl~2~ (total volume 1000 μL). All incubations lasted 60 minutes at 37°C. Samples were run in duplicate, filtered onto glass fiber filters (Whatman GF/B), and washed 3 times with 5 mL of cold water using a Brandel M‐24R cell harvester. The filters were placed in scintillation vials, 8 mL of liquid scintillation mixture was added, and the retained radioactivity was measured in a Beckman LS‐3801 β‐counter. The specific binding was defined as the difference between the binding in the absence (total binding) and presence (nonspecific binding) of 20 μmol/L unlabeled ryanodine. Fitting of data was accomplished with the computer program Origin (version 7.5, Microcal Inc).

Histology and Immunocytochemistry
---------------------------------

Hearts of 8‐ to 10‐week‐old mice (Ser96 HRC, n=3; Ala96 HRC, n=3) were excised, stored in 10% formalin, and serially sectioned. The presence of macroscopic alterations of the heart was assessed by gross inspection; the heart was weighed to determine the heart/body weight ratio. Sections were stained with hematoxylin‐eosin and Mason stain and evaluated by light microscopy. Isolated ventricular myocytes were processed using an established protocol.^[@b32]^ Coverslips were incubated with polyclonal human anti‐HRC (Sigma Aldrich) and monoclonal anti‐SR Ca^2+^ ATPase (Affinity bioreagents) antibodies. After washing, cells were incubated with secondary antibodies (Alexa Fluor antirabbit 594 or Alexa Fluor antimouse 488, Invitrogen) with 1:500 (vol/vol) dilution in blocking buffer. Immunofluorescence images were generated from serial sections of isolated cardiomyocytes using Zeiss confocal microscopy.

Statistical Analysis
--------------------

Data were expressed as mean±SEM. Comparisons between the means of 2 groups were performed by unpaired Student\'s *t* test. For multiple‐groups comparisons, 1‐way ANOVA was followed by post‐hoc Newman‐Keuls tests. Quantitative analysis of protein expression and phosphorylation levels were compared using a 1‐ or 2‐way ANOVA and post‐hoc Newman‐Keuls tests. A repeated‐measures 2‐way ANOVA test was followed by a Bonferroni post hoc test to examine the effect of drug application (before versus after) between multiple groups. For the studies on isolated cardiomyocytes, 5 to 12 cells per heart were analyzed. The number of hearts/group (N=3 to 5 hearts per group) is indicated. Data from multiple myocytes (n=5 to 12 myocytes/heart) was averaged and the group means were then compared (Ser96 versus Ala96) using ANOVA/*t* test, wherever applicable. The Mann--Whitney *U* test was used to compare absolute premature ventricular complex incidence and Fisher exact test was used to evaluate ventricular tachycardia incidence. Categorical data were expressed as percentages and were compared with use of the Fisher exact test. Values of *P*\<0.05 were considered significant.

Results
=======

Cardiac Expression of Human Ser96 HRC and Ala96 HRC in the Null Background
--------------------------------------------------------------------------

We generated mice with cardiac‐specific expression of the human Ser96 or Ala96 HRC variant in the HRC‐KO background to determine their effects in the absence of endogenous mouse HRC. This approach was chosen since there is only 48% amino acid homology between human and mouse.^[@b20]^ We obtained several lines and chose 2 with similar levels of Ser96 and Ala96 HRC expression as those observed in mouse WT heart for further characterization studies (Figure S1). Cardiac expression of human Ser96 or Ala96 HRC did not elicit any alterations in Ca^2+^‐cycling protein levels, compared with WT hearts (Figure [1](#fig01){ref-type="fig"}A and [1](#fig01){ref-type="fig"}B). Importantly, the triadin levels, which were previously shown to increase on overexpression of HRC,^[@b9],[@b15]^ remained unaltered. This may be due to the controlled HRC expression in transgenic hearts since its levels were similar to WT levels (Figure S1). Histological and electron microscopy examination of papillary muscles revealed normal cardiac structure, and both Ser96 and Ala96 HRC co‐localized with SR Ca^2+^ ATPase at the Z‐line (Figure [1](#fig01){ref-type="fig"}C and [1](#fig01){ref-type="fig"}D).

![SR Ca^2+^‐cycling proteins and gross inspection of Ser96 (S96) and Ala96 (A96) HRC hearts. A, Representative blots of Ca^2+^‐cycling protein levels in WT (nontransgenic), Ser96, and Ala96 HRC hearts. B, Quantitative assessment of protein levels in WT (nontransgenic), Ser96, and Ala96 HRC hearts. Values are mean±SEM; N=3 hearts/group. C, Left: hematoxylin‐eosin staining of ventricular sections of Ser96 and Ala96 HRC mice (×100), bars=10 μm. Middle: trichromic Masson stain of ventricular sections of Ser96 and Ala96 HRC (×100), bars=10 μm. Right: representative electron micrographs (EM) from cross sections of the papillary muscles from Ser96 and Ala96 HRC hearts. D, Ventricular cardiomyocytes from Ser96 and Ala96 mice immunostained with human anti‐HRC and mouse anti‐SERCA antibodies. Bars=20 μm. CSQ indicates calsequestrin; GAPDH, glyceraldehydes 3‐phosphate dehydrogenase; HRC, histidine‐rich Ca^2+^‐binding protein; NCX, sodium‐calcium exchanger; PLN, phospholamban; PLN‐16 and PLN‐17, PLN phosphorylation at Ser16 and Thr17 sites; RyR2, ryanodine receptor; SERCA, sarcoplasmic reticulum Ca^2+^ ATPase; SR, sarcoplasmic reticulum; TRI, triadin; WT, wild type.](jah3-2-e000460-g1){#fig01}

Decreased Contractility and Ca^2+^ Transient Kinetics in Ala96 HRC Cardiomyocytes
---------------------------------------------------------------------------------

HRC is an SR intraluminal Ca^2+^‐binding protein that regulates cardiac excitation--contraction coupling. To elucidate the role of the Ala96 HRC variant on SR Ca^2+^ cycling, we then examined isolated cardiomyocyte mechanics and Ca^2+^ kinetics from mice expressing the human Ser96 or Ala96 HRC. Ala96 cells exhibited decreases in fractional shortening (25%) and rates of contraction (23%) and relaxation (25%), compared with the values in Ser96 cells (Figure [2](#fig02){ref-type="fig"}A through [2](#fig02){ref-type="fig"}D). Consistent with the contractile parameters, analysis of Ca^2+^ transients demonstrated that the Ca^2+^ amplitude (Fura‐2 ratio, 340/380 nm), measured by peak changes from baseline, was decreased by 36% in Ala96 myocytes (Figure [2](#fig02){ref-type="fig"}E and [2](#fig02){ref-type="fig"}F). Furthermore, *T*~80~ (time to 80% decay of calcium peak) and τ were prolonged by ≈30% in Ala96 cells, compared with Ser96 (Figure [2](#fig02){ref-type="fig"}G and [2](#fig02){ref-type="fig"}H). Thus, the impairment in cellular contractility was associated with attenuated cytosolic Ca^2+^‐cycling kinetics in Ala96 myocytes. To examine the effects of β‐adrenergic agonists, isolated cardiomyocytes were subjected to maximal ISO (100 nmol/L) stimulation and the contractile parameters and Ca^2+^ kinetics were evaluated. ISO stimulation resulted in enhancement of contractile parameters, including ±dL/dt and fractional shortening in both Ser96 and Ala96 myocytes, and the maximally stimulated parameters were similar between the 2 groups (Figure [2](#fig02){ref-type="fig"}B through [2](#fig02){ref-type="fig"}D). Similarly, Ca^2+^ transient amplitude, *T*~80~, and τ were significantly stimulated in both groups, and the maximally stimulated parameters were not different between Ser96 and Ala96 cardiomyocytes (Figure [2](#fig02){ref-type="fig"}F through [2](#fig02){ref-type="fig"}H).

![Mechanics and Ca^2+^ kinetics of Ser96 (S96) and Ala96 (A96) HRC myocytes and their responses to isoproterenol. A, Representative cell shortening tracings of Ser96 and Ala96 cells before isoproterenol stimulation, field stimulated at 0.5 Hz. B, The fractional shortening (FS) in the absence and presence of 100 nmol/L isoproterenol (ISO). C, Rates of contraction, +dL/dt, in the absence and presence of ISO. D, Rates of relaxation, −dL/dt, in the absence and presence of ISO. E, Representative tracings of Ca^2+^ transients in Ser96 and Ala96 cells before isoproterenol stimulation. F, Ca^2+^ transient amplitude, as indicated by the Fura‐2 ratio (340:380 nm) in the absence and presence of ISO. G, Time to 80% decay of the transient (T80) in the absence and presence of ISO. H, Ca^2+^ transient decline (Tau). For cell mechanics (−ISO): n=44 to 55 cells from 5 hearts/group; twitch Ca^2+^ transients (−ISO): n=40 to 55 cells from 5 hearts/group; cell mechanics (+ISO): n=25 to 35 cells from 4 hearts/group, and Ca^2+^ transients (+ISO): n=38 to 50 cells from 3 hearts/group. Data are mean±SEM of the total number of cells/group. Comparisons were performed by using *t* test. \**P*≤0.05 vs Ser96 mice. HRC indicates histidine‐rich Ca^2+^‐binding protein.](jah3-2-e000460-g2){#fig02}

Reduced SR Ca^2+^ Content but Unchanged NCX Activity
----------------------------------------------------

Since the Ca^2+^ transient amplitude depends on SR Ca^2+^ load, we next measured SR Ca^2+^ content in ventricular myocytes (Figure [3](#fig03){ref-type="fig"}A). As summarized in Figure [3](#fig03){ref-type="fig"}B, the amplitude of caffeine‐induced Ca^2+^ release was decreased by 27%, which indicates lower SR Ca^2+^ content in Ala96 cells under basal conditions. These results suggest that a decrease in SR Ca^2+^ load accounts for the reduction in systolic \[Ca^2+^\]~i~ transients and the associated lower contraction observed in Ala96 myocytes. NCX function, assessed as the time constant (τ) of Ca^2+^ decline during caffeine‐induced Ca^2+^ transients,^[@b22]^ indicated no difference in Ala96 versus Ser96 cardiomyocytes (Figure [3](#fig03){ref-type="fig"}C). We then evaluated the effects of ISO on SR Ca^2+^ content. ISO increased Ca^2+^ load in both Ser96 and Ala96 cells but the levels were still lower in the Ala96 myocytes (Figure [3](#fig03){ref-type="fig"}B). To determine how much Ca^2+^ is released at each twitch with respect to the total amount of Ca^2+^ stored, we evaluated the fractional release by normalizing the electrically evoked \[Ca^2+^\]~i~ transient to the caffeine‐evoked \[Ca^2+^\]~i~ transient in each cell tested. Although fractional release was not different between the 2 groups at baseline (absence of ISO), it was significantly higher in Ala96 than Ser96 cells, following ISO stimulation (Figure [3](#fig03){ref-type="fig"}D).

![SR Ca^2+^ content and NCX function in Ser96 (S96) and Ala96 (A96) HRC cardiomyocytes. A, Representative tracings of caffeine‐induced Ca^2+^ transients recorded from Fura‐2 AM--loaded, field‐stimulated myocytes at 0.5 Hz. B, Amplitude of caffeine‐induced Ca^2+^ transients showing a decrease in SR Ca^2+^ load in myocytes from Ala96 mice in the absence and presence of ISO. C, Mean data for Ca^2+^ transient decline (Tau) during caffeine‐induced Ca^2+^ transients, recorded in the presence of caffeine. D, Average data for fractional release (ratio of twitch Ca^2+^ transient/caffeine‐induced Ca^2+^ transient). ISO (100 nmol/L). For SR Ca^2+^ load, n=15 to 25 cells for 4 Ser96 hearts; n=25 to 38 cells from 4 Ala96 hearts. Data are represented as mean±SEM of the total number of cells/group, and t test was used to calculate statistical significance. \**P*\<0.05 vs Ser96 mice. AM indicates acetoxymethyl; HRC, histidine‐rich Ca^2+^ binding; ISO, isoproterenol; NCX, sodium‐calcium exchanger; SEM, standard error of the mean; SR, sarcoplasmic reticulum.](jah3-2-e000460-g3){#fig03}

Increased Ca^2+^ Sparks and Waves in Ala96 Myocytes
---------------------------------------------------

At the myocyte level, heart failure or RyR2 mutations enhance SR Ca^2+^ leak, manifested as increases in Ca^2+^ sparks or waves, and this serves as the molecular trigger for arrhythmia.^[@b33]^ To determine the effect of Ala96 on SR Ca^2+^ release, we examined Ca^2+^ spark properties with or without 100 nmol/L ISO stimulation in intact quiescent cells. The line‐scan images and mean data for Ca^2+^ sparks in the presence of ISO are presented in Figure [4](#fig04){ref-type="fig"}A. In the absence or presence of ISO, spark frequency was significantly higher in Ala96 cardiomyocytes with respect to Ser96 cardiomyocytes (Figure [4](#fig04){ref-type="fig"}A and [4](#fig04){ref-type="fig"}B and Table S1). Furthermore, spark amplitude, full width at half maximal amplitude, and full duration at half maximal amplitude were unchanged in the absence or presence of ISO (Table S1). Next, the inducibility of Ca^2+^ waves was examined in both Ser96 and Ala96 myocytes, in the absence and presence of ISO (1 μmol/L). In the absence of ISO, no cardiomyocytes from either Ser96 or Ala96 mice showed Ca^2+^ waves. However, under ISO (1 μmol/L) and high‐frequency (5 Hz) stimulation, Ca^2+^ waves were developed in 50% (10 of 20) of Ala96 cardiomyocytes, compared with 5% (1 of 20) of Ser96 cells (Figure [4](#fig04){ref-type="fig"}C and [4](#fig04){ref-type="fig"}D). Recent studies suggest that RyR‐mediated leak occurs in part as Ca²^+^ sparks, although there is RyR‐mediated and Ca^2+^ spark--independent leak.^[@b34]^ Therefore, total SR Ca²^+^ leak was also measured using the tertacaine protocol^[@b4]^ in the presence of 100 nmol/L ISO (Figure [4](#fig04){ref-type="fig"}E and [4](#fig04){ref-type="fig"}F). The ratio of SR Ca^2+^ leak to SR Ca^2+^ load was larger in Ala96, compared with Ser96 cardiomyocytes (Figure [4](#fig04){ref-type="fig"}G). The increased SR Ca^2+^ leak was associated with enhanced opening of the SR Ca^2+^ release channel in Ala96, as determined by \[^3^H\]ryanodine binding in homogenates of Ser96 and Ala96 HRC hearts (Figure S2). Taken together, these findings suggest that expression of Ala96 HRC enhances the propensity for spontaneous Ca^2+^ release from the SR by increasing the activity of the RyR2 channel.

![Ca^2+^ sparks and waves in intact Ser96 (S96) and Ala96 (A96) HRC cardiomyocytes. A, Representative line‐scan images of Ca^2+^ sparks acquired in Ser96 and Ala96 cardiomyocytes in the presence of 100 nmol/L isoproterenol. B, Cumulative data on Ca^2+^ spark frequency in the presence of 100 nmol/L isoproterenol (n=55 Ser96 cells from 5 hearts and n=61 Ala96 cells from 5 hearts). \**P*\<0.05, Ser96 vs Ala96 (t test). C, Representative line‐scan images of Ca^2+^ waves acquired in Ser96 and Ala96 cardiomyocytes in the presence of 1 μmol/L isoproterenol and 5 Hz. D, percentage of cells showing waves (n=20 cells for 3 Ser96 hearts; n=20 cells for 3 Ala96 hearts). \**P*\<0.05, Ser96 vs Ala96 (Fisher Exact test). E, SR Ca^2+^ leak measurements in Ser96 and Ala96 HRC myocytes in the presence of 100 nmol/L isoproterenol. SR Ca^2+^ leak was determined as the tertacaine sensitive drop in diastolic Fura‐2 ratio. F, Comparison of average SR Ca^2+^ leak (ratio of twitch Ca^2+^ transient/caffeine‐induced Ca^2+^ transient) G, Bar graph showing quantification of leak/SR load relationship in Ser96 and Ala96 HRC myocytes. Ser96 HRC myocytes, n=22 from 3 hearts; Ala96 HRC myocytes, n=28 from 3 hearts. \**P*\<0.05, Ser96 vs Ala96 (Fisher Exact test). HRC indicates histidine‐rich Ca^2+^ binding; ISO, isoproterenol; SR, sarcoplasmic reticulum.](jah3-2-e000460-g4){#fig04}

Stress Induced Aftercontractions and DADs in Ala96 Cardiomyocytes
-----------------------------------------------------------------

To determine the effects of stress conditions in Ala96 HRC cells, we next measured membrane potentials in cardiomyocytes from Ala96 and Ser96 mice at 5‐Hz field stimulation in the presence of 1 μmol/L ISO. Spontaneous aftercontractions occurred in 65% of Ala96 cells within 5 seconds after pacing was stopped, compared with 12% of Ser96 HRC cells (Figure [5](#fig05){ref-type="fig"}A and [5](#fig05){ref-type="fig"}B). Previous studies suggested that aberrant RyR Ca^2+^ release may induce arrhythmias by activation of DADs.^[@b18]^ To determine whether the mechanism for the arrhythmias elicited by Ala96 HRC is related to DADs, electrical activity was examined under increased frequency of stimulation (5 Hz) in the presence of 1 μmol/L ISO in isolated cardiomyocytes. We compared the action potential duration (APD) of Ser96 and Ala96 cells at 5 Hz and 35°C. No significant differences were detected in the APD90, in the APD50, in the amplitude of AP, and in the resting potential between the 2 groups (Table S2). However, in the presence of 1 μmol/L ISO, 70% of the Ala96 cells developed DADs within 2 to 5 seconds after termination of 5‐Hz stimulation, compared with 20% of the Ser96 HRC cells (Figure [5](#fig05){ref-type="fig"}C and [5](#fig05){ref-type="fig"}D). Overall, cellular arrhythmias were significantly more common in Ala96 versus Ser96 cardiomyocytes.

![Aftercontractions (Acs) and DADs in Ser96 (S96) and Ala96 (A96) HRC cardiomyocytes at 5‐Hz and 1‐μmol/L isoproterenol stimulation. A, Representative traces of Acs in Ser96 and Ala96 cardiomyocytes. B, Percentage of the Ser96 and Ala96 cardiomyocytes that developed Acs (n=55 cells for 5 Ser96 hearts; n=68 cells for 5 Ala96 hearts). C, Representative traces of action potential in Ser96 and Ala96 cells. D, Percentage of the Ser96 and Ala96 cells that showed DADs (n=14 cells for 4 Ser96 hearts; n=15 for 5 Ala96 hearts). Acs (A) and DADs (C) are marked with arrows. Data are mean±SEM of the total number of cells/group. \**P\<*0.05 vs Ser96 (Fisher Exact test was used to calculate statistical significance). DADs indicates delayed afterdepolarizations; HRC, histidine‐rich Ca^2+^ binding; SEM, standard error of the mean.](jah3-2-e000460-g5){#fig05}

Ala96 Does Not Alter the HRC Ca^2+^‐binding Properties but Decreases Its Interaction With Triadin
-------------------------------------------------------------------------------------------------

To determine the mechanisms associated with impaired Ca^2+^ cycling by Ala96 HRC, we compared its Ca^2+^‐binding properties to those with Ser96 HRC. SR‐enriched membrane fractions of Ser96 and Ala96 HRC were isolated, and their Ca^2+^‐binding affinities were examined using the Ca^2+^ overlay method.^[@b23]^ At all protein levels tested, the degree of Ca^2+^ binding was similar between Ala96 and Ser96 HRC, indicating that the Ala96 variation in HRC does not alter its Ca^2+^‐binding properties (Figure S3). We then examined whether Ala96 alters the HRC interaction with triadin in the RyR complex.^[@b11],[@b35]^ Thus, we performed coimmunoprecipitation assays, using antibodies against human HRC in cardiac homogenates of Ser96 and Ala96 HRC mice. The interaction between Ala96 HRC and triadin was weaker compared with Ser96 HRC and triadin (Figure [6](#fig06){ref-type="fig"}A and [6](#fig06){ref-type="fig"}B). We also explored the binding of HRC and triadin under high (0.1 mmol/L) and low (0.1 μmol/L) Ca^2+^, using purified recombinant proteins. Quantification of immunoblots revealed that the interaction of HRC and triadin was Ca^2+^ dependent for Ser96 HRC but Ca^2+^ independent for Ala96 HRC. Furthermore, Ala96 reduced binding to triadin at both high and low Ca^2+^ (Figure [6](#fig06){ref-type="fig"}C and [6](#fig06){ref-type="fig"}D). Thus, Ala96 does not alter the Ca^2+^‐binding properties of HRC, but it reduces the interaction between HRC and triadin.

![Ala96 (A96) HRC reduces binding to triadin. A, The anti‐HRC antibody, coupled to protein G--agarose beads, was used for coimmunoprecipitation of triadin from cardiac homogenates (1 mg total protein) of Ser96 (S96) and Ala96 HRC mice. The precipitates were analyzed by immunoblotting with anti‐HRC and anti‐TRD antibodies, as indicated. C, Coimmunoprecipitation of triadin from HEK293 cells that coexpressed triadin and Ser96 or Ala96 HRC, under high Ca^2+^ (0.1 mmol/L) and low Ca^2+^ (0.1 μmol/L) conditions was also performed using anti‐HRC antibody, coupled to protein G--agarose beads. Top panel: immunoblotting with HRC antibodies; Bottom panel: immunoblotting with triadin antibodies. Immunoprecipitate with anti‐IgG PLUS agarose was used as negative control (A and C). B and D, The summary of interactions is presented. Ala96, N=3; Ser96, N=3. \**P*\<0.05, Ala96 vs Ser96 mice (t test); ^&^*P*\<0.05, Ser96 low vs high Ca^2+^ (comparisons were performed by using 1‐way ANOVA). ANOVA indicates analysis of variance; GFP, green fluorescent protein; HRC, histidine‐rich Ca^2+^ binding; IPs, immunoprecipitations; TRD, Triadin.](jah3-2-e000460-g6){#fig06}

Increased Ca^2+^ Spark Frequency and Ca^2+^ Waves in Ala96 Are Associated With Phosphorylation of RyR2
------------------------------------------------------------------------------------------------------

We then examined whether the aberrant Ca^2+^ handling in Ala96 HRC cardiomyocytes was associated with increases in the phosphorylation of RyR2. Previous studies have shown that enhanced phosphorylation of Ser2808 (PKA site) and Ser2814 (CaMKII site) in RyR can modulate RyR2 function.^[@b36]--[@b37]^ Thus, we assessed the phosphorylation state of RyR2 in Ala96 cardiomyocytes, by performing Western blots with phospho‐specific antibodies against the RyR2 S2808 and S2814 sites under basal conditions and following ISO stimulation (100 nmol/L) of perfused hearts. Ala96 hearts had significantly increased phosphorylation levels of RyR at S2814, but not at S2808, at baseline and after ISO stimulation (Figure [7](#fig07){ref-type="fig"}A through [7](#fig07){ref-type="fig"}C). The involvement of CaMKII in phosphorylation of S2814 in RyR2 was further confirmed by the ability of KN93, a CaMKII inhibitor, to prevent phosphorylation at this site. Importantly, KN93 blunted the ISO‐induced increase in phosphorylation of S2814 without any effect on phosphorylation of S2808 (Figure [7](#fig07){ref-type="fig"}C). We then examined the contribution of RyR2 phosphorylation by CaMKII in the Ala96‐induced increases of Ca^2+^ sparks and waves, using KN93. Inhibition of CaMKII by KN93 significantly prevented the increases in spark frequency under both basal and ISO stimulation conditions (Figure [7](#fig07){ref-type="fig"}D). However, spark frequency remained significantly elevated even in the presence of KN93 (with or without ISO; Figure [7](#fig07){ref-type="fig"}D), indicating that the aberrant SR Ca^2+^ release was partially contributed by the increased CaMKII phosphorylation of RyR. Furthermore, KN93 significantly attenuated the ISO‐induced Ca^2+^ waves, elicited by Ala96 HRC (Figure [7](#fig07){ref-type="fig"}E). These findings reveal an additional regulatory mechanism by the Ala96 HRC variant, impacting S2814 phosphorylation of RyR2 and eliciting arrhythmias through this process.

![CaMKII‐dependent RyR2 phosphorylation and Ca^2+^ sparks/waves in Ser96 (S96) and Ala96 (A96) HRC hearts. A, Representative western blots of protein levels and phosphorylation of RyR2. Total protein homogenates from the left ventricle were used for western blots. Hearts were perfused in the absence or presence of β‐adrenergic agonist (100 nmol/L ISO) and/or CaMKII inhibitor (1 μmol/L KN93) with a modified HEPES‐Tyrode\'s solution prior to isolation of the left ventricles. RyR2 phosphorylation at sites S2808 and S2814 was determined with phospho‐specific antibodies. B and C, Bar graph showing quantification of ryanodine receptor phosphorylation at S2808 and S2814 sites in the absence (−) or presence of ISO and KN93. Actin was used to verify the amount of loaded samples. Two‐way repeated‐measures ANOVA were used to compare groups. Values are mean±SEM; N=5 hearts/group. \**P\<*0.05 vs Ser96 (−ISO), \#*P\<*0.05 vs Ala96 (±ISO). D, Ca^2+^ spark frequency recorded in Ser96 and Ala96 HRC cardiomyocytes in the absence (basal) or presence of ISO (100 nmol/L) and in the absence or presence of CaMKII inhibitor KN93 (1 μmol/L). E, Percentage of increases in Ca^2+^ waves acquired in Ser96 and Ala96 HRC cardiomyocytes in the presence of 1 μmol/L isoproterenol plus 5 Hz and in the absence or presence of CaMKII inhibitor KN93 (1 μmol/L). For Ca^2+^ sparks: n=32 to 35 cells (−ISO) and n=20 to 28 cells (+ISO); and for Ca^2+^ waves: n=24 to 32 cells. A total of 4 to 5 hearts were used/group. Two‐way repeated‐measures ANOVA were used to compare groups. \**P*\<0.05 vs Ser96; ^\#^*P*\<0.05 vs Ala96. ANOVA indicates analysis of variance; HRC, histidine‐rich Ca^2+^ binding; ISO, isoproterenol; RyR2, ryanodine receptor.](jah3-2-e000460-g7){#fig07}

Ala96 HRC Mice Have an Increased Incidence of Ventricular Ectopy on Catecholamine Challenge
-------------------------------------------------------------------------------------------

We previously reported that the human HRC genetic variant (Ser96Ala) was associated with fatal arrhythmias in DCM patients.^[@b14]^ Thus, we subjected the Ala96 HRC mice to catecholaminergic stress to determine whether that would induce cardiac arrhythmias in vivo. To test this, the surface ECG was monitored on intraperitoneal injection of ISO. ISO caused frequent premature ventricular complexes in the form of bigeminy and trigeminy (Figure [8](#fig08){ref-type="fig"}A) and episodes of nonsustained ventricular tachycardia in Ala96 mice (Figure [8](#fig08){ref-type="fig"}B). Arrhythmias typically began 3 to 5 minutes after catecholamine injection and lasted 20 minutes into recovery. Of 8 Ala96 mice, 4 displayed nonsustained ventricular tachycardia, while none of the Ser96 HRC mice showed nonsustained ventricular tachycardia events (Figure [8](#fig08){ref-type="fig"}C). Although all VT events were monomorphic, heart rates never exceeded 1000 bpm, and VT rhythms never deteriorated to ventricular fibrillation. The Ser96 mice showed only benign and expected arrhythmias under stress conditions, such as infrequent atrial premature contractions.

![Ala96 (A96) HRC mice display increased ventricular ectopy after catecholamine challenge. A and B, Representative examples of ECG traces showing premature ventricular complexes (PVCs, \#) (A) and nonsustained ventricular tachycardia (NSVT, B) in anesthetized Ala96 mice after intraperitoneal injection of isoproterenol (2 mg/kg). C, A high proportion of mice expressing Ala96 displayed complex forms of ventricular arrhythmias (bigeminy/trigeminy and NSVT), compared with Ser96 (S96) mice, following isoproterenol injection. n=8 Ala96 mice; n=8 Ser96 mice. \**P*\<0.05 vs Ser96, the Mann--Whitney *U* test was used to compare absolute PVC incidence and Fisher exact test was used to evaluate ventricular tachycardia incidence. ECG indicates electrocardiogram; HRC, histidine‐rich Ca^2+^ binding.](jah3-2-e000460-g8){#fig08}

Ala96 HRC Mice Exhibit Arrhythmias Associated With Ventricular Tachycardia After MI
-----------------------------------------------------------------------------------

To further examine susceptibility to stress conditions, we subjected Ser96 and Ala96 HRC mice to MI in vivo. Interestingly, we observed a marked difference in reperfusion arrhythmias between these groups (Figure [9](#fig09){ref-type="fig"}), as revealed by telemeter ECG transmitters that were implanted 1 week before MI. During the first 24 hours of reperfusion, VT occurred in 7 of 10 Ala96 HRC mice (8 to 15 episodes per mouse; 69 total in the 7 mice), while only 1 of 6 Ser96 HRC mice exhibited VT (9 episodes total; *P*\<0.05) (Figure [9](#fig09){ref-type="fig"}A and [9](#fig09){ref-type="fig"}B). Furthermore, Kaplan--Meier survival curves showed increased mortality in Ala96 (60%) compared with Ser96 mice (16%; *P*\<0.05) during the same time period (data not shown). We then examined whether Ala96 HRC would exacerbate ventricular arrhythmogenesis in DCM, as observed in human carriers.^[@b14]^ Thus, we extended the post‐MI follow‐up study in Ala96 and Ser96 HRC mice and monitored function and geometry longitudinally, using echocardiography. At 12 weeks, both groups exhibited significant decreases in ejection fraction and increases in left ventricular cavity dilation (Figure [9](#fig09){ref-type="fig"}C and [9](#fig09){ref-type="fig"}D). These alterations were similar between Ala96 and Ser96 HRC mice. Analysis of telemetry records at 12 weeks post MI indicated that only the Ala96 mice (3 of 4) exhibited spontaneous and prolonged VT, while none (0 of 4) of the Ser96 mice developed VT (Figure [9](#fig09){ref-type="fig"}E and [9](#fig09){ref-type="fig"}F). These data suggest that the presence of "leaky" RyR2 channels, associated with Ala96 HRC, increases the risk for fatal ventricular arrhythmias in DCM carriers.

![Increased susceptibility to arrhythmias in Ala96 (A96) HRC mice upon myocardial infarction. A, Typical examples of ECG changes during the course of ischemia (top left panel) and representative ECG traces showing ventricular premature beats (\#: VPBs, top right panel) and ventricular tachycardia (VT, bottom panel) in an Ala96 HRC mouse after MI. B, Percentage of Ser96 (S96) and Ala96 HRC mice showing VT within 24 hours after MI as monitored by implanted telemeters (N=6 for Ser96 and N=10 for Ala96 mice; \**P*\<0.05 Ala96 vs Ser96). C, Echocardiographic measurements of ejection fraction, and (D) left ventricular diastolic volume in Ser96 (N=4) and Ala96 (N=4) mice at 12 weeks post‐MI. \**P*\<0.05 baseline vs 12 weeks (t test). E, Representative telemetry traces depicting (\#: VPBs) in a Ser96 mouse and non‐sustained ventricular tachycardia (NSVT) in an Ala96 mouse at 12 weeks post MI. F, Bar graph showing incidence of VT in Ser96 and Ala96 mice. VT was observed only in Ala96 mice and in none of the Ser96 mice at 12 weeks after MI. \**P*\<0.05 Ala96 vs Ser96 mice. Fisher exact test was used to evaluate ventricular tachycardia incidence. ECG indicates electrocardiogram; EF, ejection fraction; HRC, histidine‐rich Ca^2+^ binding; I/R, ischemia/reperfusion; LV, left ventricle; MI, myocardial infarction.](jah3-2-e000460-g9){#fig09}

Discussion
==========

In the current study, we demonstrate for the first time that expression of human Ala96 HRC in vivo results in catecholaminergically mediated malignant arrhythmia associated with enhanced SR Ca^2+^ leak through the ryanodine receptor. The findings indicate that this is the underlying cause of increased risk for sudden cardiac death in DCM patients with Ala96 HRC. Importantly, they suggest that this and other genetic variants in HRC could lie behind cases of idiopathic sudden cardiac death in the general population in the absence of structural cardiac disease.

"Humanized" Ala96 HRC Mouse Exhibits Catecholaminergic Arrhythmia
-----------------------------------------------------------------

In end‐stage DCM patients, contractile dysfunction is often associated with malignant arrhythmias constituting a major risk factor for sudden cardiac death.^[@b1]^ These arrhythmias stem mainly from nonreentry mechanisms, such as early afterdepolarizations and DADs, which are linked to impaired cardiomyocyte Ca^2+^ cycling. Interestingly, we observed that human DCM patients with Ser96 HRC were protected from arrhythmias, while Ala96 HRC patients developed fatal arrhythmias.^[@b14]^ To characterize the underlying mechanisms, we generated humanized HRC mice since there is only 48% homology between human and mouse HRC amino acid sequences.^[@b20]^ The availability of the HRC‐null mouse,^[@b8]^ allowed us to introduce the human HRC variant proteins (Ser96 or Ala96) in the heart and mimic the human condition. Our findings show that mice bearing the Ala96 HRC present ventricular tachycardia in response to β‐adrenergic stimulation in vivo and increased mortality associated with arrhythmias following MI. Quantitative analysis of cardiac dimensions and ultrastructural characterization revealed no structural remodeling, indicating that geometrical alterations were not a contributing factor to arrhythmogenesis in Ala96 HRC mice. Instead, the underlying mechanisms involved (1) enhanced RyR2 leakiness due to decreased binding of HRC to triadin and (2) dysregulated myocyte Ca^2+^ handling manifested in spontaneous Ca^2+^ release and arrhythmogenic DADs.

Mechanism of Ala96 HRC
----------------------

Our results demonstrating that Ala96 HRC alters Ca^2+^ cycling primarily by compromising normal RyR2 function is based on the following findings. Ala96 HRC increased the fraction of total SR Ca^2+^ released during a twitch and increased the frequency of diastolic Ca^2+^ sparks and Ca^2+^ waves, compared with its Ser96 HRC counterpart. Moreover, we observed enhanced RyR2‐mediated SR Ca^2+^ leak in Ala96 HRC myocytes using a tetracaine protocol. The upregulation of both the systolic and diastolic forms of Ca^2+^ release in Ala96 HRC myocytes occurred in the face of a significant decrease in the SR Ca^2+^ content, indicating that stimulated release was not merely a consequence of increased SR Ca^2+^ content. Importantly, the Ala96 HRC cardiomyocytes exhibited aftercontractions and arrhythmogenic DADs, when paced in the presence of β‐adrenergic stimulation consistent with the occurrence of cardiac arrhythmias in the Ala96 HRC mice in vivo.

The findings in the Ala96 HRC mouse are also supported by previous studies, which showed that virus‐mediated overexpression of HRC depressed SR Ca^2+^ release,^[@b38]^ whereas knockdown of HRC stimulated Ca^2+^ cycling and increased ryanodine binding in cardiomyocytes.^[@b8],[@b39]^ Collectively, these results suggest that HRC normally inhibits RyR2 activity and this inhibition is relieved, when HRC is lost or the function of this protein is compromised by genetic mutations. The inhibitory effects of HRC on RyR2 function appear to be mediated though triadin with which HRC interacts.^[@b35]^ Therefore, the observed upregulation of RyR2 function in Ala96 myocytes could be due to impaired ability of the mutant HRC protein to appropriately interact with triadin. This hypothesis was supported by our protein‐binding experiments, which showed that the Ala96 HRC significantly reduced HRC binding to triadin compared with its Ser96 counterpart (Figure [6](#fig06){ref-type="fig"}), leading to RyR2 channels with abnormally high activity, that is, leaky RyR2 (see schematic representation Figure [10](#fig10){ref-type="fig"}).

![Proposed scheme on the functional interactions between calsequestrin (CSQ), triadin (TRI), histidine‐rich Ca^2+^ binding protein (HRC), and ryanodine receptor (RyR) in the cardiac sarcoplasmic reticulum (SR) membrane. In Ser96 (S96) HRC heart, CSQ interacts with TRI, resulting in deactivation of the RyR channel at low luminal Ca^2+^ concentrations, following SR Ca^2+^ release (A). On refilling the SR with Ca^2+^, CSQ inhibition is relieved as CSQ dissociates from the RyR complex; however, binding of HRC prevents the RyR from becoming leaky (B). In Ala96 (A96) HRC hearts, CSQ interactions are similar to Ser96 HRC at both low and high Ca^2+^ concentrations; however, the interaction of Ala96 HRC with triadin is impaired (C and D), leading to increased RyR2 leak. RyR leakiness is further amplified via phosphorylation by calmodulin‐dependent protein kinase II (D).](jah3-2-e000460-g10){#fig10}

It is interesting to compare the role of HRC to that of the homologous SR Ca^2+^‐binding protein CASQ2. In addition to serving as an SR Ca^2+^ buffer, CASQ2 regulates RyR2 activity through interaction with triadin (and junctin).^[@b13],[@b40]^ Moreover, genetic defects in CASQ2 have been also linked to catecholaminergic polymorphic ventricular tachycardia in human patients.^[@b41]^ Two of the CSQ mutations were reported to contribute to arrhythmogenesis by impairing interaction of CASQ2 with junctin/triadin in the RyR complex, thereby resulting in impaired regulation of RyR2 by luminal Ca^2+^ and enhanced propensity for spontaneous Ca^2+^ release and DADs.^[@b18],[@b42]^ Thus, the Ser96Ala variant of HRC may act in a similar manner on RyR2 activity, to increase vulnerability to lethal cardiac arrhythmias.

Notably, at variance with HRC, CASQ2 binds to and inhibits RyR2 at low rather than high luminal Ca^2+^ levels.^[@b40],[@b43]^ Inhibition of RyR2 at low luminal Ca^2+^ has been shown to contribute to luminal Ca^2+^‐dependent deactivation that helps to keep RyR2 closed after each release but expected to wane as the SR is refilled with Ca^2+^.^[@b44]--[@b45]^ Our present study suggests that inhibition of RyR2 by HRC provides another level of control over SR Ca^2+^ release expected to operate at high luminal Ca^2+^, when diastolic Ca^2+^ is restored (and especially when it is elevated above normal levels). Interestingly, HRC has been reported to bind to the same KEKE motive on triadin that CASQ2 binds.^[@b35],[@b46]^ Thus, Ca^2+^‐dependent regulation of the RyR complex shows an unexpected complexity that could contribute to dynamic regulation of RyR2 function during the Ca^2+^ release--uptake cycle (Figure [10](#fig10){ref-type="fig"}).

Previous studies have shown that phosphorylation of RyR2 by protein kinase A (2808) or CaMKII (Ser2814) increases SR Ca^2+^ leak, although most studies have linked only the CaMKII‐dependent phosphorylation of RyR2 with diastolic SR Ca^2+^ leak in heart failure (HF).^[@b37],[@b47]^ In our study, the alterations of RyR2 function and SR Ca^2+^ release in Ala96 HRC myocytes were associated with increased phosphorylation of RyR2 at the CaMKII site S2814 and not at the PKA site S2808. Furthermore, inhibiting CaMKII with K93 partially reduced the increased RyR2 Ca^2+^ spark rate, both at baseline and after β‐adrenergic stimulation (Figure [7](#fig07){ref-type="fig"}). These findings on altered interaction of Ala96 HRC with the RyR2 complex coupled with amplified CaMKII phosphorylation of RyR2 and increased Ca^2+^ leak may constitute the underlying mechanisms for increased propensity of ventricular arrhythmias in vivo under I/R injury or cardiomyopathy conditions in Ala96 HRC mice (Figure [9](#fig09){ref-type="fig"}). Importantly, the current observations in transgenics correlate with previous clinical results, which linked the Ala96 HRC variant to life‐threatening ventricular arrhythmias and sudden death in DCM carriers.^[@b14]^

In conclusion, a single nucleotide substitution of Thr286Gly in HRC results in a naturally occurring variant (Ala96) that leads not only to depressed SR Ca^2+^ cycling and contractility but also to increased SR Ca^2+^ leak during diastole. The induced diastolic leak by hyperactive RyR2 triggers aftercontractions and DADs in cardiomyocytes under stress conditions, which predisposes to increased ventricular tachycardia in the setting of DCM even in the absence of any structural heart disease. These findings establish a pathological link between the Ala96 variant in HRC gene and the clinical phenotype in DCM carriers. Thus, Ala96 HRC appears to be a context‐sensitive human variant, which becomes arrhythmogenic in heart failure conditions. The underlying molecular mechanisms of this variant and the susceptibility to malignant arrhythmias may provide new insights to pathways of excitation--contraction coupling, leading to the development of novel clinical interventions.
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